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ABSTRACT: Tertiary folding of the hammerhead ribozyme has been analyzed by hydroxyl radical
footprinting. Three hammerhead constructs with distinct noncore sequences, connectivities, and catalytic
properties show identical protection patterns, in which conserved core residues (G5, A6, U7, G8, and A9)
and the cleavage site (C17, G1.1, and U1.2) become reproducibly protected from nucleolytic attack by
radicals. Metal ion titrations show that all protections appear together, suggesting a single folding event
to a common tertiary structure, rather than an ensemble of different folds. The apparent binding constants
for folding and catalysis by Mg2+ are lower than those for Li+ by 3 orders of magnitude, but in each case
the protected sites are identical. For both Mg2+ and Li+, the ribozyme folds into the protected tertiary
structure at significantly lower cation concentrations than those required for cleavage. The sites of protection
include all of the sites of reduced solvent accessibility calculated from two different crystal structures,
including both core and noncore nucleotides. In addition, experimentally observed protected sites include
additional sequences adjacent to those predicted by the crystal structures, suggesting that the solution
structure may be folded into a more compact shape. A 2′-deoxy substitution at G5 abolishes all protection,
indicating that the 2′-OH is essential for folding. Together, these results support a model in which low
concentrations of metal ions fold the ribozyme into a stable ground state tertiary structure that is similar
to the crystallographic structures, and higher concentrations of metal ions support a transient conformational
change into the transition state for catalysis. These data do not themselves address the issue as to whether
a large- or small-scale conformational change is required for catalysis.

Ribozymes are convenient systems with which to study
RNA1 folding, since catalytic activity reports on their native
folding. The hammerhead ribozyme is a small, conserved
catalytic motif that exists in nature in plant viroids (1), viriod-
like satellite RNA, and some eukaryotic species (2-4). In
addition, it is a common self-cleaving RNA motif that can
be isolated from random sequences by in vitro selection (5).
Thus, the ribozyme motif appears to represent a simple,
efficient biological strategy for effecting site-specific RNA
cleavage. The transesterification reaction is initiated by a
nucleophilic attack of the 2′-oxygen of the nucleotide 5′ to
the cleavage site, residue C17, on the cleavage site phos-
phorus, yielding a 2′,3′-cyclic phosphate and 5′-hydroxyl
products (6, 7). On the basis of the observation that for all
well-studied hammerheads the cleavage rate increases with
pH in a log-linear relationship, the rate-limiting step for
catalysis by the hammerhead is postulated to be the chemistry
of the reaction (8-10). It has also been suggested, however,

on the basis of recent crystallographic data, that a pH-
dependent conformational change localized at the active site
may be rate limiting (11). Indeed, the bulk of the current
evidence cannot rule out either possibility.

The hammerhead motif adheres to a conserved three-way
helical junction secondary structure where the helical ele-
ments may vary in sequence, but the identities of bases at
the junction of the three helices are critical for activity (6,
7, 12). A domain organization has been described and is
based on the tertiary folding observed in the X-ray structures
of Scott, McKay, and co-workers (13, 14). Stems 2 and 3
are coaxially stacked on one another with stem 2 extended
toward stem 3 by noncanonical base pairs (Figure 1). This
motif comprises domain 2. Domain 1 is structurally homolo-
gous to the U-turn motif in the anticodon and pseudouridine
loops of yeast tRNAPheand comprises the first four residues
3′ to stem 1, C3-A6. The global fold of the ribozyme
resembles a y-shape with stems 2 and 3 stacked and stems
1 and 2 subtended by an acute angle. Domain 1 is bulged
out toward stem 3 with a putative contact between the 2′-
hydroxyls of G5 and residue 15.2.

A number of chemical and biophysical methods have been
employed to confirm this specific geometry and to study
cation-assisted folding of the ribozyme (15-19). FRET
analysis has been employed to define the angles between
all three helical axes (16). Metal ion titrations using the FRET
signals as the assay demonstrated that folding to the y-shape
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occurs with two discrete transitions (16). At submillimolar
concentrations of Mg2+ the domain 2 stack is formed, and
at low millimolar concentrations the domain 1 motif takes
on a specific structure which orients stem 1 in close
proximity with stem 2. Ribose 2′-deoxy substitution of G5,
a conserved domain 1 residue (20), alters the geometry of
the three-way junction such that stems 1 and 2 are not closely
juxtaposed while maintaining the domain 2 structure (21).
This substitution provides evidence for a partially structured
intermediate, thus substantiating the proposal for a folding
pathway.

Cations are required for folding to the specific global
structure described above. In most studies divalent cations,
principally Mg2+, have been employed to study folding.
Catalysis, however, can employ a broad range of cations.
Divalent cations including Mg2+, Mn2+, Ca2+, and Sr2+ (22),
monovalents Na+, NH4

+, and Li+ (23-25), and the multi-
valent cation cobalt(III) hexaammine (24) are all capable of
promoting some level of hammerhead cleavage. This has led
to the conclusion that catalysis does not have an absolute
requirement for divalent metal ions or for inner-sphere
coordination (23, 24). However, some rate enhancement by
divalent metal ions has been observed (25). In addition, it
has been suggested that the apparentKd

Mg for folding is lower
than that for catalysis (26). This suggests that one or more
divalent ions may be required to promote a change in the
structure of the ground state toward the transition state. A

large-scale conformational change from the geometry ob-
served in the crystal forms has also been postulated to lead
to the transition state (27).

Since global folding does not appear to be rate limiting
for catalysis, it is not possible to study folding by studying
the catalytic rate, an approach that has been valuable for
investigating the folding of theTetrahymenagroup I intron
folding pathway (28). Although methods such as FRET (16),
cross-linking (29, 30), transient electric birefringence (TEB)
(19), and 2-aminopurine fluorescence assays (26) are able
to provide important global and local folding data, there is
a need for methods that can probe the structure of the entire
hammerhead motif and mutants with diminished catalytic
activity at the resolution of individual nucleotides. Chemical
footprinting methods have been widely utilized to study
equilibrium and kinetic folding of RNA, DNA, and protein-
nucleic acid complexes (31-35). The main benefit of these
methods is the ability to monitor the chemical accessibility
at nucleotide resolution for the entire molecule in a single
experiment. Hydroxyl radical footprinting has been used to
study the solvent accessibility of the C4′ atom of ribose
residues in RNA (36), and we have recently used this
approach to examine the structure and folding of the hairpin
ribozyme (37, 38). The method allows us to study the
structural consequences of base change and functional group
substitutions in comparison to changes in the catalytic
potential of mutants. Here we report on a cation-dependent
folding transition in the hammerhead ribozyme revealed by
hydroxyl radical footprinting.

MATERIALS AND METHODS

Materials.All chemicals used in this study were of reagent
grade or better. RNA was purchased from Dharmacon and
deprotected according to the manufacturer’s instructions or
synthesized by standard phosphoramidite chemistry and
deprotected as described previously (39). Oligonucleotides
were purified by electrophoresis through 8 M urea-poly-
acrylamide gels as previously reported (40). Radiolabeled
RNAs were prepared by phosphorylation of the 5′-terminal
hydroxyl group with [γ-32P]ATP and T4 polynucleotide
kinase.

Footprinting Assays.For footprinting under equilibrium
conditions, an 8µL solution containing 5′-32P-end-labeled
RNA, a saturating concentration of unlabeled RNA (HH16,
1 µΜ; HHR1 and RNA 6 and 5µΜ), 25 mM sodium
cacodylate, pH 7, and cation was combined and incubated
at 37°C for 20 min. This solution were allowed to equilibrate
to 25 °C and then treated with 0.7µL each of 0.35% (v/v)
H2O2 [freshly prepared from a 30% (v/v) stock solution],
60 mM sodium ascorbate (60 mM stocks can be stored at
-20 °C), and Fe(II)-EDTA [5 mM EDTA, 5 mM Fe(NH4)2-
(SO4)2, mixed immediately prior to experiment] to give a
final volume of 10µL and the final concentration of cation
shown in each figure. Concentrations of EDTA and Fe(II)
were reduced compared to previously published methods to
limit the concentration of free EDTA which could chelate
Mg2+ in titration experiments. The RNA-cation solution was
treated with reagents for 2 min and then quenched by adding
2 volumes of gel addition buffer [95% (v/v) formamide, 20
mM EDTA, 0.02% (w/v) bromophenol blue, 0.02% (w/v)
xylene cyanol, 10 mM thiourea and 0.5µg of tRNA] for

FIGURE 1: Secondary structures of the ribozyme constructs used
in this study. These representations emphasize the global geometry
of the ribozyme as seen in all crystal structures. Base numbering
is according to Hertel et al. (57). Outlined letters indicate essential
core nucleotides. An arrow marks the site of cleavage. For the initial
footprinting experiments a shortened version of the HH16 ribozyme
(42) was employed. Markings on stems 1 and 2 indicate the
truncation of that construct. Cleavage kinetics and cation depen-
dence footprinting were carried out with the full-length version of
HH16. HHR1 was previously characterized by Clouet-d’Orval and
Uhlenbeck (43), and RNA 6 has been employed for crystallographic
studies by the Scott laboratory (44).
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Mg2+ experiments. For Li+ titrations, reactions were stopped
by adding 300µL of ethanol, 50µL of 3 M sodium acetate,
and 2.5µL of 10 µg/µL tRNA and then were allowed to
precipitate for 1 h at-70 °C. RNA pellets were recovered
by centrifugation at 13000 rpm in a benchtop microfuge and
resuspended in 20µL of gel addition buffer. The following
buffers were used for reactions performed at pHs other than
7: pH 6-6.5, Mes; pH 8-9, Tris. Time-resolved footprinting
was performed exactly as described previously with no
modifications (41).

Catalytic Assays.For single-turnover cleavage assays an
RNA solution composed of a trace concentration (<10 nM)
of 5′-32P-end-labeled substrate, a saturating concentration of
ribozyme (HH16, 1µM; HHR1 and RNA, 6 and 5µM),
strand, and 25 mM sodium cacodylate, pH 7, was incubated
for 20 min at 37°C. The solution was then equilibrated to
25 °C for 5 min. Cleavage reactions were initiated by adding
1 volume of a cation solution (1.5 volumes for reactions in
Li +), equilibrated at 25°C, to the RNA mix. Aliquots were
quenched at specific time points into 10 volumes of 95%
(v/v) formamide, 20 mM EDTA, 0.02% (w/v) bromophenol
blue, and 0.02% (w/v) xylene cyanol, on ice. Zero time points
were generated by prequenching cation and RNA solutions.
No detectable amount of cleavage in the zero time points
was observed. Cleavage kinetics were quantified by fitting
the cleaved fraction vs time plots using Marquardt-Leven-
berg nonlinear least-squares regression to the exponential
association equationy ) y0 + A(1 - e-t/τ) with Microcal
Origin 4.1 software.

RESULTS

Our initial footprinting studies were performed with a two-
strand HH16 ribozyme construct (42), containing shortened
stems 1 and 3 (Figure 1). A 2′-deoxy substitution at
nucleotide C17 was incorporated in order to prevent cleavage
of the substrate. Fe(II)-EDTA footprinting of this construct
as a function of added Mg2+ resulted in the visualization of
several sites of backbone protection (Figure 2A). Sites of
protection were verified by quantitative radioimaging analysis
and ranged in magnitude from 30% to 55% protection. We
did not observe protection of any sites with either strand
alone at 20 mM Mg2+ after 30 min of incubation (Figure
2B). Thus, protection of the backbone sites in Mg2+ requires
assembly of the full ribozyme-substrate complex. The sites
of protection identified in HH16, G5-A9 and C17-U1.2,
are clustered around the densely packed three-helix junction.
Hydroxyl radical-mediated cleavage of residues close to the
3′-terminus of HH16 was difficult to quantify due to higher
background at those positions on the gel. Overall, the location
of protections provided some confidence that they might
result from a specific tertiary structure along the native
folding pathway for the ribozyme.

To determine the sequence specificity for the appearance
of this collection of solvent-protected sites, we analyzed two
other hammerhead constructs with different connectivities
and noncore sequences, HHR1 and RNA 6 (43, 44; Figure
3). These two constructs displayed solvent-protected surfaces
identical to those of HH16 with one exception. Protection
of the ribose at position 15.3 is clearly observed in these
constructs. We have attempted to quantify protection of

FIGURE 2: Solvent protection of ribose moieties is induced by tertiary folding in Mg2+ solutions. (A) Hydroxyl radical probing of ribozyme-
substrate complexes in the presence of varying concentrations of Mg2+. (B) Negative control experiments demonstrating that ribozyme and
substrate strands alone do not form solvent-protected pockets in Mg2+ even after prolonged incubation. Reactions were carried out in 25
mM sodium cacodylate, pH 7.1, at the Mg2+ concentrations shown with or without saturating unlabeled ribozyme (Rz) or substrate (S)
strands. Stick diagrams of the constructs showing the labeled strand are shown above each panel. RNAs were separated on 15% v/w (for
labeled Rz) and 20% v/w (for labeled substrate) acrylamide-8 M urea gels. The substrate strand contained a 2′-deoxy substitution, nucleotide
C17. Significant protection was observed at G5-A9 in the ribozyme and C17-U1.2 in the substrate strand. These sites are indicated by
black dots and are referred to by the residue number to the right of each panel. The rightmost lane of panel A contains a 2′-deoxy substitution
at position G5 of the ribozyme strand. Open spheres indicate sites that are protected in ribozyme-substrate complexes in Mg2+, but not in
substrate or ribozyme alone or in the absence of Mg2+. Alkali hydrolysis (Alk) and ribonuclease T1 (T1) digested control lanes are to the
left of each panel. Note that the identity of each band on the Fe(II)-EDTA ladders is actually one nucleotide below the corresponding band
on partial ribonuclease T1 and alkali hydrolysis ladders.
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G15.3 in HH16 constructs without success, possibly due to
the high background at its location on the gel. The inclusion
of 15.3 among the solvent-protected residues is very sig-
nificant since, in the crystal structures of the hammerhead,
domain 1 approaches this region of stem 3 (13, 14). This
represents a highly specific correspondence between the
crystal structures and this hydroxyl radical footprinting
solvent-based assay system.

At least three hypotheses may be invoked to account for
our results with respect to the numbers of structures involved
and the degree of solvent accessibility in each structure. (1)
The low level of solvent protection (e2-fold) that we have
observed at these locations may be due to the fact that more
than one different partially protected structure exists under
these conditions. (2) A single highly protected structure is
present in solution, but it accounts for only approximately
50% of the molecules. (3) The ribozymes in solution are

structurally uniform but possess a structure in which the core
is only partially protected from solvent. If more than one
structure gives rise to the protections that we observe, it is
unlikely that all would have identical cation requirements.
To test this, we incubated the ribozyme over a broad range
of Mg2+ and Li+ concentrations (Figure 4). All sites on
HHR1 were protected with very similar apparentKd values
for Mg2+ (Figure 4) and Li+ (∼300 mM; data not shown).
Thus, we believe that a single structure gives rise to the
observed pattern of hydroxyl radical protections. Further-
more, the value for Mg2+ dependence is in the same range
that has been previously observed for global structural
changes as monitored by FRET and 2-aminopurine fluores-
cence changes (16, 26).

Since global folding of the hammerhead in Mg2+-con-
taining solutions can be altered by 2′-deoxy substitution of
the essential residue G5 (21, 45), we examined this single
atom substitution using the hydroxyl radical footprint-
ing method. Our data show that folding of the ribozyme-
substrate complex into a solvent-protected form is not
observed in complexes with this substitution (Figures 2A
and 5). This result strongly suggests that the structure that
we describe here is similar or identical to the structure that
has been monitored in solution experiments by other
laboratories.

If the structure that we observe is on the native folding
pathway, under all conditions, the rate of folding should be
greater than or equal to the rate of catalysis. The rate of
acquisition of this folded structure was, therefore, analyzed

FIGURE 3: Partial hydroxyl radical protection of the Rz (A) and S
(B) strands of HHR1 and RNA 6 hammerhead complexes. The solid
spheres indicate sites of solvent protection. Open spheres are used
to show sites that are not protected in the absence of S or Rz stands
or Mg2+. Residues U16.1-1.2, G5-A9, and 15.3 are protected in
both constructs.

FIGURE 4: The Mg2+ dependence for hydroxyl radical protection
of HHR1 displays little site to site variation. HHR1 complexes were
treated with varying concentrations of Mg2+ in 25 mM sodium
cacodylate, pH 7, buffer and then treated with hydroxyl radicals.
The level of protection at C17 (9), U1.1 (0), A1.2 (b), A6 (O),
U7 (2), G8 (4), and C15.3 (+) was quantified using a Bio-Rad
radioimaging system. The results are the average of at least two
independent experiments. The number of counts for each lane was
corrected for loading and hydroxyl radical-mediated cleavage by
comparing the counts at nonprotected positions 16.3, 1.4, 10.2, and
3. The protected fraction was calculated from the equationf ) 1
- (Cx/C0), whereC0 andCx are the number of corrected counts for
a single residue at 0 andx mM Mg2+. Normalization was carried
out so that the maximal protection observed in each experiment
was valued at 1. The levels of protection observed at each site are
listed in Figure 6. The dependence of rate constants and protection
amplitudes on the Mg2+ concentration was fitted for all seven data
sets simultaneously to the cooperative binding equationf ) fmax-
([Mg2+]n/([Mg2+]n + (Kd

Mg)n)) to yield an apparent dissociation
constantKd

Mg of 0.77( 0.06 mM and a cooperativity coefficient,
n, of 0.84( 0.05.
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by time-resolved footprinting (38, 41). In these experiments,
hammerhead RNA was mixed with Mg2+ and allowed to
incubate for a period of time before the addition of the
reagents that generate hydroxyl radicals. The results of this
experiment showed that, under all conditions tested, ap-
proximately 50% of maximal folding occurred during the 3
s dead time of the experiment where Mg2+ and hydroxyl
radical-generating reagents were added simultaneously (data
not shown). Therefore, we are unable to describe the folding
rate more accurately than to set its lower limit at the fastest
measurement possible with this system, 8 min-1. The single-
turnover rate of catalysis was measured between pH 6 and
pH 8.5, and our data are similar to studies finding a roughly
log-linear dependence of cleavage rate on pH (8). In addition,
we report that we found no significant difference in the
magnitude of cleavage or protection as a function of pH over
this range. Above pH 8.5 we were unable to measure the
rate of cleavage accurately by hand for HH16 at 25°C. Under
all conditions where both folding and catalysis could be
measured, however, we found that folding was faster. The
difference between folding and cleavage rates was particu-
larly large at low pH. These results are consistent with the
hypothesis that this folded structure is on the native folding
pathway.

We were also concerned that the 2′-deoxy substitution of
C17 could possibly influence the pattern of solvent protec-
tions. Deprotonation of the 2′-oxygen of C17 is postulated
to promote a conformational change at the active site of the
ribozyme, which leads to catalysis (11). We have not been
able to investigate this phenomenon in our system since the

very rapid cleavage of substrate at the very alkaline condi-
tions needed to deprotonate this functional group makes
footprinting impossible. The slow cleavage rate at pH 6 for
HH16 (kcleave) 0.032 min-1), however, enabled us to employ
hydroxyl radical footprinting on ribozyme with a saturating
concentration of a cleavable, all ribose substrate. Under these
conditions, solvent protection of the ribozyme strand, resi-
dues G5-A9, is unimpaired relative to those obtained with
a 2′-deoxy-modified substrate (data not shown). Thus,
inclusion of this single atom substitution does not effect
global folding. This is consistent with previous reports
showing that when RNA or DNA substrates are employed,
nearly identical ribozyme folding results are obtained (13,
14, 46, 47).

Figure 6 summarizes the hydroxyl radical protection data
from these experiments. To examine the correspondence of
this structure with known high-resolution forms further, we
calculated the solvent accessibility of the C4′ atom on two
crystal structures (14, 47) and superimposed our experimental
data on this plot (Figure 6B). The data sets correspond quite
well. We observed as partially protected from hydroxyl
radical attack several residues at the three-stem junction with
reduced solvent accessibility in the crystal structures, G5,
A6, G8, and C17. Most striking is the reduction in acces-
sibility of G15.3 predicted by both structures and by our data.
In the crystal structures the U-turn motif approaches stem 3
at this site (Figure 6C). This indicates that the structural basis
of this protection is the conformation of the U-turn motif at
the base of helix 1. In addition, however, four residues that
are protected in our experiments, U7, A9, A1.1, and C1.2,

FIGURE 5: Folding of 2′-deoxy G5-substituted (dG5) HH16 ribozymes in Mg2+ does not result in solvent protection of the hammerhead
motif. End-labeled Rz (left panel) and S (right panel) were incubated in 25 mM sodium cacodylate, pH 7, and Mg2+ at the concentrations
indicated and then treated with Fe(II)-EDTA solutions or left untreated. Sites of protection in unsubstituted ribozymes in Mg2+ that are not
observed in dG5 HH16 complexes are indicated by open spheres at the right of each panel.
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are highly solvent accessible in the X-ray structures. These
residues lie in a pocket between stem 1 and domain 2. If
these two structural elements were shifted slightly toward
one another, it is conceivable that these additional residues
would become solvent protected without dramatically altering
the crystal structure.

Metal ions are important for both folding and catalysis in
the hammerhead. We tested several mono-, di-, and multi-
valent cations for their ability to promote folding of the
hammerhead. Mn2+, Sr2+, Ca2+, and Co2+ were all able to
stimulate folding of the hammerhead into the solvent-
protected form. In addition, Na+ and Li+ were able to
promote the formation of this structure (data not shown).
The magnitudes of backbone protections in all mono- and
divalent cations tested were close to or slightly exceeded
those observed in Mg2+, and there was no change in the
identity of protected sites. In contrast, cobalt(III) hexaammine
was able to promote only weak protection, approximately
50% of Mg2+-induced protection at all sites. Footprinting in

the presence of cobalt(III) hexaammine is limited to con-
centrations of 10 mM or less due to quenching of hydroxyl
radicals. In 10 mM cobalt(III) hexaammine the cleavage rate
of the hammerhead at pH 7 is 0.015 min-1, which is 15-
fold slower than that observed at the same concentration of
Mg2+ (data not shown).

We were also interested in determining the relative cation
concentration requirements for catalysis and folding. Folding
extents and single-turnover cleavage reaction rates were
titrated with respect to Mg2+ and Li+ concentrations on HH16
under nearly identical solution conditions (Figure 7). The
apparentKd

Mg of 20.7 ( 2.3 mM for cleavage is 20-fold
greater than that required for folding,Kd

Mg ) 1.1 ( 0.12
mM. This differential was constant for all three ribozyme
constructs even though their cleavage rates vary over∼200-
fold at pH 7 (data not shown), suggesting that a common
structural change in the conserved core of the ribozyme is
required for full catalytic activity.

FIGURE 6: (A) Summary of solvent protections induced by cation-dependent conformational changes. The secondary structure of RNA 6
is shown with spheres indicating sites and average magnitude of protections. (B) Comparison of observed solvent protection with solvent
accessibilities calculated from two crystal structures [Scott et al. (14; spheres) and Murray et al. (47; squares)]. Solvent accessibility was
calculated with the solvation module of Accelrys Insight II software, assuming the standard solvent diameter of 1.4 Å, and plotted against
the linear sequence of residues. Solvent protection from hydroxyl radicals was then superimposed on this plot by shading of enlarged
squares and circles. An intermolecular contact between the GUAA tetraloop and its receptor in helix 1 is responsible for the partial solvent
inaccessibility of G3.1. (C) Stereo closeup of a portion of a hammerhead crystal structure (47) showing close approach of residues in
domain 1, U4 (green), G5 (red), and A6 (blue), and residues 15.2 (yellow) and 15.3 (magenta) in stem 3. The picture was rendered with
Molscript software.
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DISCUSSION

Our data support the view that in Mg2+-containing
solutions the hammerhead ribozyme predominantly resides
in a global tertiary structure similar or identical to that
represented by the crystal structures. First, the Mg2+ depen-
dence for the formation of this structure is very similar to
that observed by FRET analysis, which defines the y-shape
or so-called I/II motif seen in crystal structures (16). Second,
2′-deoxy substitution of G5 results in a loss of the ability of
the ribozyme to fold into a solvent-protected form and also
blocks formation of the I/II motif in FRET analysis (45).
Third, the sites of hydroxyl radical protection on the
ribozyme-substrate complex fit well with the computed
solvent accessibility of the backbone from two crystal forms.
Furthermore, the concurrence of the two data sets extends
from the conserved core and cleavage site sequences to
protection of a nonconserved residue in helix III, U15.3 in
RNA 6. The positioning of the residues in domain 1 in
published crystal structures is responsible for the calculated
protection of U15.3, and the fact that we observed solvent
protection at that site provides very strong evidence that the
crystal form is present to a significant level in solution.

In our experiments, partial protection extends to adjacent
residues not predicted to be protected from the crystal forms.
For example, U7 is solvent accessible in the two crystal

structures, but our data show that this residue is significantly
protected in solution. This suggests that while the overall
geometry observed in crystal form and in our experiments
is likely to be the same, the motif forms a somewhat more
compact form in the wide range of cations and pHs that we
have explored. The observation that single atom substitution
of G5 (2′-deoxy) eliminates the formation of the solvent-
protected hammerhead, coupled with the similarities between
the apparentKd

Mg of formation between our structure and
the structure reported by Lilley and co-workers, suggests that
the two forms are one and the same. An additional confor-
mational change, which has been observed at submillimolar
concentrations of Mg2+, represents the formation of domain
2 (16). Evidence of this structure has not been observed in
the present study, probably due to the fact that it does not
protect specific residues from attack by hydroxyl radicals.

Though it is unlikely that our data result from footprinting
greater than one structure, we have not been able to quantify
the abundance of this structure in solution. Application of
time-resolved FRET (trFRET) methodology, which we have
previously used to define the abundance of various conform-
ers of the hairpin ribozyme in solution (48), will be of value
in making these calculations since an unambiguous FRET
signal is indicative of this hammerhead structure. Since the
rate of folding is much faster than catalysis, it will be difficult
to determine if this form is on the native folding pathway
for the hammerhead, a problem we previously encountered
with the hairpin ribozyme (49). Single molecule analysis of
the hairpin was recently employed to show that a known
conformational change, for which a hydroxyl radical footprint
has been determined, leads directly to ribozyme-catalyzed
strand scission (50). This approach may also be applicable
to the hammerhead system.

Our results with different hammerhead sequences allow
us to suggest a role for nonconserved residues of catalytic
significance. While the identity of the 2.1-1.1 base pair is
not highly conserved in natural phylogenies of the ham-
merhead motif, this base pair has been shown to be important
for catalytic activity (51). A HH16 variant with a U1.1-
A2.1 base pair (HH16.43) has a cleavage rate close to 10-
fold faster than HH16 (51). Cleavage kinetics carried out
on HH16, HHR1, and RNA 6 show a very large range of
activities (51; K. J. Hampel and J. M. Burke, unpublished
observations), and all have different 1.1-2.1 base pairs.
HHR1 (kcleave ) 2.33 min-1, pH 7, 10 mM Mg2+) is
approximately 20-fold faster than HH16, which in turn is
approximately 10-fold faster than RNA 6. This 200-fold
range in activities between the three hammerheads cannot
be attributed to differences in formation of the ground state
structure, since we observed similar protection magnitudes
and patterns for these constructs. Therefore, we suggest that
the catalytic effect of this base pair is manifested at a step
after formation of this global fold, possibly during formation
of the transition state structure. Although the formation of
the solvent-protected structure is not catalytically rate limiting
for these constructs, we cannot rule out the possibility that
the ground state structures for different constructs retain
subtle differences, not detectable by hydroxyl radical foot-
printing, that affect the catalytic rate.

Although specific metal ion binding sites have been
resolved in hammerhead crystal forms (13, 14, 23, 52, 53)
and by NMR methods (54, 55), our data suggest that many

FIGURE 7: Cation requirements for catalysis are higher than for
folding to the ground state configuration. HH16 ribozyme-substrate
complexes were incubated in 25 mM sodium cacodylate, pH 7,
over a range of Mg2+ or Li+ concentrations and then treated with
hydroxyl radical-generating reagents. Normalized protection at
position C17 was quantified using a Bio-Rad phosporimaging
system and plotted as a function of the cation concentration. The
average of at least two determinations is reported. Values were
normalized relative to the level of protection at the single
concentration at which maximal protection was observed. Cleavage
assays were carried out as described in Materials and Methods.
Cleavage and folding assays were constituted identically with two
exceptions. First, for protection assays a noncleavable substrate
analogue (2′-deoxy C17) was employed. Second, folding was
assayed by addition of hydroxyl radical-generating reagents, which
made up 20% of the experimental solution volume. These differ-
ences cannot account for the significant differences in folding and
catalytic cation dependencies. The apparent dissociation constant,
Kd

Mg, and cooperativity coefficients,n, for folding and cleavage,
1.1( 0.1 mM,n ) 1.2 and 20.7( 2.3 mM,n ) 0.9, respectively,
were calculated using the cooperative binding equation from Figure
4.
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different monovalent and divalent cations are equally capable
of promoting formation of the solvent-protected form. This
is consistent with published data on the hammerhead showing
that several different cations are capable of promoting the
formation of an active complex (8). Some cations, however,
clearly support greater activity than others. For example,
Mg2+ is able to support catalysis at rates which are 5-10-
fold greater than those observed for Li+ (24, 25; Figure 7).
It has been proposed by Herschlag and co-workers that this
is due to the unique ability of specific divalent cations to
promote folding to the transition state structure and/or to
directly assist in the chemistry of the transesterification
reaction (25). This hypothesis is based, in part, on Cd2+

rescue of phosphorothioate modifications, indicating that one
of the divalent metal ions seen in the crystal structures, bound
to thepro-Rp phosphate O of A9 and the N7 of G10.1 (P9/
10.1), acquires an additional ligand that is functional in the
transition state, thepro-Rp phosphate O of the cleavage site
phosphodiester (27). Bridging of P9/10.1 and the cleavage
sites represents a significant change in structure from the
crystal form and has been challenged on the basis of
modeling studies (56). Li+ is not able to rescue either
phosphorothioate modification (25). This may explain why
Li + cannot support full cleavage activity in the absence of
Mg2+. Nevertheless, our data demonstrate that Li+ is able
to mediate folding of the ribozyme to the same extent as
has been observed for Mg2+.

Our data show that the apparentKd values for Mg2+ and
Li + for folding are lower than those for catalysis, which is
consistent with a requirement for cation-dependent confor-
mational change by the ribozyme required to achieve the
active structure, but with generalized cation specificity. It is
less likely that the additional cation requirement for catalysis
is due to binding of a catalytic cation to a preformed active
site. Very different cations such as Li+ and Mg2+ are unlikely
to find similar binding pockets at the active site and then
assist the chemistry of the reaction in the same way. Our
data extend previous results from NMR studies that have
identified metal ion binding sites with distinct binding
affinities (55). The generality of the increased cation require-
ment for folding to the transition state may be rationalized
as follows. The proposed linkage between the P9/10 and
cleavage sites (27) would result in significant compaction
of the ribozyme relative to the crystal form or ground state.
Cations are generally well suited to assist in this process
since they are able to counteract the increase in negative
charge density from the RNA backbone. The reason Mg2+

promotes greater cleavage activity than Li+ or multivalent
cations such as cobalt(III) hexaammine may be, as has been
suggested by Herschlag and co-workers, that Mg2+ optimally
folds the ribozyme’s active site (25).

While our data support the hypothesis of a conformational
change between the ground and transition states, we were
unable to detect any difference between footprints on a
ribozyme with a cleavable or noncleavable substrate. On the
surface, these data support previous crystallographic data for
the RNA 6 hammerhead which shows only a local, small-
scale Co2+-induced conformational change from the ground
state, in which the attacking nucleophile is not properly
aligned for attack of the phosphorus, to a form where the
nucleophile has attained an in-line attack geometry with
respect to the scissile phosphodiester (47). However, the

crystallographic result has been criticized as the conforma-
tional change has a rate that is slower than cleavage of the
substrate in the crystals (27). It has further been suggested
that the equilibrium between the ground and transition state
structures favors the ground state (25). In this case the
hydroxyl radical footprints of the catalytically active complex
at pH 6 would only be expected to report on the most
abundant species, the ground state structure.
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